Abstract. The Infrared Difference Dust Index (IDDI) is a satellite dust product designed for climatological applications, designed specifically for dust remote sensing in arid regions such as the Sahel and Sahara. It is based on the atmospheric response to dust, extracted from midday Meteosat-IR imagery, and takes advantage of the impact of dust aerosols on the thermal infra-red radiance outgoing to space. Simulations show a quasi-linear relationship between satellite response to dust and shortwave optical depth, with a sensitivity depending on particle size distribution and radiative surface properties. Comparison of measured satellite response with photometric optical depth agrees with the simulations. Water vapor significantly affects the satellite signal for cases of large columnar amounts and oceanic air masses advected inland. Hence apart from possible coastal effects, the water vapor effect can be neglected in the Sahelian-Saharan zone north of the Intertropical Convergence Zone, coinciding with the major regions of African dust emission and transport. The construction of the IDDI involves the processing of reference images, theoretically representing the outgoing radiance obtaining under clear-sky conditions. Errors may arise from (1) dust remaining in the reference images and (2) seasonal shifts of the reference level; however, the latter error will be offset by averaging used in climatological processing. An error budget is presented for the station of Gao. A statistical comparison of IDDI data with visibility measured at synoptic stations results in (1) a validation of the product, and (2) a climatologically relevant visibility-IDDI relation, valid for the arid regions of northem Africa. The latter relation is consistent with both simulations and photometric measurements. IDDI maps over Africa compare successfully with optical depth over adjacent ocean regions derived from Meteosat-VIS imagery. The observed continuity of dust plumes across the African coast demonstrates the consistency between both products.
Introduction
In the first part of the desert dust cycle, during emission and the following atmospheric transport over the adjacent land, desert dust can be detected from space in the thermal infrared part of the spectrum. This was observed over the vast arid expanses of North Africa and Arabia, by Shenk and Curran [1974] using Nimbus THIR (temperature humidity infrared radiometer) data (10.5-12.5 gm), by Legrand et al. [1983 Legrand et al. [ , 1985 and Oliva et al. [1983] using Meteosat-IR channel(10.5-12.5 gm), and by Ackerman [1989] using 3.7 and 11 gm NOAA AVHRR (advanced very high resolution radiometer) data. The best sensitivity of the method was observed during the middle of the day with a decrease of the radiance outgoing to space, and also during the latter half of the night with an increase of this radiance [Legrand et at, 1988 ved between the experimental and the numerical approaches, we relied on this infrared method, and we decided to use it to run a climatology of dust presence over North Africa. This was achieved by processing the daily midday IR images of Meteosat so that the dust effect component (referred to as the Infrared Difference Dust Index (IDDI)) is separated from the total satellite signal. The first version of this product was an 8 year (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) climatology obtained by N'doumg [1993] . Since then, the product has been improved, the region covered extended, and a data set coveting the period 1983-1998 is now available at the Laboratoire d'Optique Atmosph6rique (LOA). Its extention to 2000 is under way. In recent years the IDDI has been used to validate dust emission modeling [Marticorena et al., 1997 , for the satellite determination of the dust emission wind speed threshold [Chornette et al., 1999] and to investigate the possible links existing between dust and rain in the Sahel [Brooks and Legrand, In this first part of the paper, a general presentation has been given of the infrared method and of the derived dust index. The physical processes involved and their simulation are described in section 2. In section 3, several significant results are derived from the simulations. Section 4 brings together results from various experiments of comparison between Meteosat-IR data and ground-based photometric measurements and draws conclusions from their confrontation with simulations. In section 5, a description is given of the technique of processing of the IDDI, designed to detect the presence of desert dust over Africa in view of climatological applications. Section 6 is devoted to the IDDI, focusing especially on its limitations in connection with the way the product is processed. Section 7 is dedicated to the results of various validation studies that examine the ability of the IDDI to detect airborne dust and to clarify its relationship to more conventional indicators of dust presence.
A forthcoming part 2 is dedicated to the setting up of a climatology of desert dust over Africa, based on 18 years of Meteosat-IR data representing the period 1983-2000. Seasonal and yearly dust distributions are presented. The locations of the main sources of dust emission and their seasonal activity are described. In the daytime IR images, dust presence is associated with a decrease of radiance (and of the associated brightness temperature). Hereinafter, results generally will be expressed in counts, defined according to a scale of 0.08 W m '2 sr '! count '! valid for the Meteosat-4 radiometer. This standard corresponds to an approximate change of 0.5 K in brightness temperature at 300 K.
Physics of Dust Detection in the Thermal
A temperature depression of 10 K corresponds to values commonly observed and several tens of degrees are reached for major dust storms, so a maximum of 32.9 K is recorded on February 16, 1985 nearby Lake Chad (14øN, 13øE) during a major dust event reported by Legrand [ 1990] . MdtdoFrance [ 1991] In addition, for the soil-derived particles originating from the Sahara and the Sahel, predominantly made up of silica and silicates, the imaginary part of the refractive index is large near the wavelength of 10 gm [Carlson and Benjamin, 1980] , so the IR optical depth is for a large part due to absorption. Hence the groundemitted radiation in the IR channel of Meteosat is attenuated, to a large extent, by absorption when passing through the dust layer. In the middle of the day the dust is much colder than the ground surface, typically by 10ø-20øC (even if it lies in the surface layer, beneath 1-2 km, as is usually the case). This fact is related to the strongly superadiabatic vertical gradient of temperature existing then, close to the overheated arid surface, at times exceeding 60 øC m '! . Thus the dust-absorbed fraction of ground-emitted radiation is appreciably greater than the emission from dust, resulting in a net decrease of the upward radiance through the dust layer.
In summary, the thermal infrared radiance decrease (and the associated drop in brightness temperature) measured from the satellite in the presence of dust is due to (1) a ground surface cooled by the dust radiative impact in the SW and (2) the fact that the measurements are made through a colder attenuating dust layer. The examples of large measured brightness temperature decreases previously reported result from these adding effects. It should be stressed that these high values are a major strength of the method. In addition, the physical processes involved prove clearly the specific relevance of the infrared method over arid environments.
Simulating the Physical Processes
The dust impact is not strictly limited to the surface temperature. The radiative fluxes, SW and LW (longwave), and the resulting heating rates are modified throughout the atmosphere [e.g., Carlson and Benjamin, 1980] . The resulting temperature change concerns the whole troposphere, and also the superficial soil layer. As illustrated in Figure 1 , the mechanisms governing these changes are not only radiative but include also convective processes, evaporation, and heat conduction in the ground.
To obtain realistic quantitative estimates of the impact of dust on radiation and temperature and of the resulting effect on the satellite-detected IR radiance, we performed simulations of the physical mechanisms involved, using the mesoscale model of the Colorado State University (CSU) [Mahrer and Pielke, 1978] . . To generalize these conclusions, a second set of simulations was conducted with the CSU model [Plana-Fattori, 1994 ]. The outgoing 10.5-12.5 gm radiances were computed through the LOW-TRAN-7 radiative transfer code [Kneizys et al., 1988] . The influence of the meteorological initial conditions was minimized by running the mesoscale model over periods long enough to obtain quasi-periodic diurnal cycles of surface temperature T s (fit s <0.5 øC at a 24 hour interval). These quantitative tests agree with the earlier ones of , confirming the main factors affecting the satellite response and allowing us to estimate the significance of their impact. The principal factor is the dust amount. The particle size distribution and the radiative properties of the surface, SW albedo, and LW emissivity must also be considered. Finally, fluctuations in atmospheric water vapor content can affect the satellite response.
Some Information Derived From Simulations

Incidence of Dust Particle Size Distribution
In addition to its extensive range, the size distribution of the mineral particles exhibits a large variability. The surface wind speed controls the relative production of large and fine particles of dust through the sandblasting process [Alfaro et al., 1998 ]. The main process acting on the size distribution of dust particles freshly lifted into a dry cloudless atmosphere is sedimentation under gravity, the efficiency of which increases with particle size. The Table 4 ]), (2) the LSHP background and dust storm models used by Plana-Fattori [1994] . Values are computed for a dust layer 1200 m thick with a unit SW optical depth. The variable Cm is the mass concentration in the dust layer, and M is the atmospheric columnar mass of dust; 6, t•, and g are the optical depth, the single-scattering albedo, and the asymmetry factor of dust, respectively; subscript s refers to the $W range (at 0.55 prn for ECLAT$ model and for LSHP models, at 0.5 [arn for CB model) and subscript I refers to the LW range (at 8-14 prn for ECLAT$, at 10-13.2 prn for CB, at 11.5 [am for LSHP).
larger the particles the faster they settle. On the other hand, the particles in the submicronic range are practically unaffected by this process, so in a dry cloudless atmosphere the fraction of fine particles increases with dust ageing. This evolution was observed through measurements performed at various distances from the sources of dust emission, between Libya and Barbados, along a major westward transport path to the Atlantic and the Caribbean Islands (reported by Westphal et al. [1987] Table 1 , are functions of the complex index and of the size of the aerosol particles (assumed to be spherical). The complex index depends on the mineralogical composition of the aerosol. In the models of Longtin et al. the aerosol is an external mixture with a dominant sand mode composed of quartz with hematite inclusions. The models ECLATS and CB refer to "Saharan dust". Their complex index is typical of quartz and silicates, but their mineralogical composition is not specified. However, the dominant influence on aerosol radiative properties appears to be particle size. Differences in particle size distribution are shown in Table 1 We can summarize the effects of these two extreme dust models stating that detection of dust of the background model (and any fine dust model) is predominantly due to a surface cooling effect, while detection of dust of the dust storm model (and any coarse dust model) is predominantly due to attenuation of groundemitted radiance. Any realistic dust layer, with an intermediate size distribution, will be detected through a combination of both effects.
Satellite Sensitivity to Dust
The simulations are shown to verify linear or quasi-linear relationships between 6s and the outgoing radiance arriving at the Finally, it should also be mentioned that if very large optical depths, say larger than 1-2, are met, which usually happens in dust storms, the sensitivity of c against &s decreases significantly and the linear relation (1) holds no longer (a quadratic fit between these parameters is then more suitable).
Incidence of Water Vapor
The atmospheric water vapor amount needs to be taken into account for the assessment of the LW radiance outgoing to space. As does dust, the water vapor (1) modifies both the SW and the LW radiative fluxes, resulting in a heating of the ground surface and an increase of its emission, and (2) modifies radiative transfer by absorbing surface-emitted radiation and by emitting concurrently its own radiative component. So, the spatiotemporal changes of atmospheric water vapor content imply changes in the outgoing radiance. This effect, extraneous to dust, is a potential source of error, since dust is estimated by its impact on radiance through satellite remote sensing. For this reason, it was studied by Legrand In conclusion, dust can be detected using the infrared method without significant contamination by water vapor, over the whole Sahara all the year-round, and over the Sahel and the Sudanian savannah during the dry season. 
Results From Experiments
Comparing Satellite Response to Photometric Optical
where • = 1.38 g cm -2 is the average value of w, and k = 10.78 counts cm 2 g-l is the satellite sensitivity to water vapor. 
The satellite sensitivity to dust (response to a unit optical depth) depends on the dust size distribution. It is also modulated according to the values of the surface radiative properties.
These results justify the implementation of a climatology of African mineral dust, based on Meteosat-IR imagery, using a dust index made up of dust-induced satellite response (counts), or alternatively of equivalent IR radiance or brightness temperature decrease. Such parameters must be extracted easily from raw Meteosat images for processing into the large image series required for climatological studies. Table  4 ]. The difference between radiance averages with full resolution and with B2 never exceeds two counts (one count for North Africa and for the Sahel), including the clouds and surface contributions. Such effects are negligible for climatological results involving periods of a month or longer, derived from the IDDI product containing only data representative of atmospheric aerosols (clouds are masked and permanent surface features are eliminated). Joining the advantage of data volume compression to an acceptable spatial resolution, the B2 data are used to achieve a climatology of dust as described hereinafter.
Image Processing
The Meteosat-B2 images have been systematically archived by the European Space Operation Centre since April 1983, then relayed by Eumetsat (these data are currently delivered by Eumetsat, Darmstadt, Germany) since November 1995. The raw images are geometrically prerectified, so a given pixel corresponds to a unique geographical location. The raw radiometric counts can be corrected for the daily variations of sensitivity of the IR channel, using calibration coefficients associated to every image, as described by Legrand et al. [1989] . The corrected images are the so-called original images (OI).
Reference and Difference Images
The OIs are processed according to an algorithm reported for the first time by Legrand et al. [1985] and subjected to further analyses and improvements, as described by Legrand The DI shows only the variable atmospheric radiative effects. 
Cloud Masking
The In Plate 1, the bottom right-hand image illustrates the resulting cloud discrimination obtained from application of the algorithm to the DI (bottom left-hand image). Figure 10 shows the monthly frequency of the presence of cloud masking, averaged over the period 1984-1993, derived from the algorithm described above. It describes the seasonal pattern of frequency of cloud occurrence. The main feature is the annual oscillation of the cloudy belt associated with the ITCZ, from the Gulf of Guinea in January to the southern Sahara in July and August. If this seasonal pattern of cloudiness is set against the seasonal pattern of water vapor shown in Figure 4 , they are observed to match satisfactorily. Thus over these areas and during the seasons characterized by high water vapor and cloud amounts, it can be predicted that the quality of the derived IDDI data will be degraded, due to few clear days available for the construction of the RI and to IDDI contamination by humidity. However, it is important to emphasize that such conditions are also unfavorable for the presence of atmospheric dust. To what extent this operational definition resulting from the image processing coincides with the ideal definition of the IDDI to be the dust-induced satellite response over clear continental regions is a crucial point that must be addressed. With this in mind we examine the consequences of the various processing stages for the ability of the IDDI to detect a signal arising from mineral dust and to discriminate it between those originating from other sources.
Infrared Difference Dust Index (IDDI)
Theoretically, the RI most relevant to dust detection would be made of the modified outgoing radiance resulting from the removal of mineral aerosol, keeping the radiative effects of nondust aerosols and water vapor (and adding the cloud masking). It is different of the aforementioned clear and clean (and dry) image (section 5.2), associated with an absolutely transparent atmosphere in the Meteosat-IR channel (one containing no cloud, no aerosol, no water vapor). However, if we limit the study to Africa north of the ITCZ, excluding in addition the coastal regions (section 4.2), the effect of water vapor is negligible. There, these two definitions of the reference differ only in the presence or absence of nondust aerosols. In the real Saharan atmosphere, mineral aerosol is ubiquitous and the other components (stratosphere and upper troposphere aerosols) are marginal, so the overall difference between both definitions of reference image is of little significance. In the Sahelian atmosphere north of the ITCZ, we expect more significant differences, with regard to nonmineral aerosols such as biomass burning emitted from the savannah at the onset of the dry season, and with regard to possible water vapor effects induced by oscillations of the ITCZ. In this region, an ideal RI would retain the aerosol component (possibly significant) representing the nondust content of the atmosphere. The actual RI approaches the ideal condition more closely in the Sahara than in the Sahel. The contaminated periods are those with no visibility > 10 km on the cloud-free days. Statistics from 43 stations.
Errors
A difficult question relating to the construction of the RI is the choice of a suitable length for the reference period [Legrand and N'doumd, 1992] . The longer this period, the cleaner the RI is expected to be. However, this procedure cannot be fully applied because the reference level varies continuously all year-round because of (1) . "'  m 190 .................................................................................. ,,_ '  '  '  I  I  ,  •  '  I  '  '  '  '  I  *  •  '  '  I  '  I  I   (a) , , , 
Comparing IDDI With Dust Parameters
On the basis of the algorithm described in section 5 and using the Meteosat-IR images in B2 format, a database of 15 years of IDDI images (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) has been created and is archived at the LOA (its extension to 2000 is under way). With regard to the errors introduced by the algorithm, described in section 6, it is highly advisable to determine to what extent the IDDI quality is affected. For this purpose, we carry out comparisons between the IDDI and dust parameters available at a regional scale comparable with the area covered by the IDDI images. Visibility from the synoptic meteorological network and dust optical depth over the Atlantic derived from Meteosat-VIS imagery were used for this purpose. Details on these studies can be found in the work of Legrand et al. [1994] .
Relation IDDI-Visibility
The meteorological visibility is one of the elements identifying air mass optical characteristics. By day, it is defined as the greatest horizontal distance at which a black object of suitable dimensions, located near the ground, can be seen and recognized when observed against a background scattering of sky, haze, fog, [WMO, 1996] . Thus the reduction of meteorological visibility measured in the meteorological stations has been widely used to estimate the local dust amount [Bertrand et al., 1973 In addition, a criterion of quality has been applied to the RIs. A minimum number of 3 days cloudless and dustless is prescribed for a RI period to be acceptable for the statistics, otherwise it is rejected. For application of this criterion, cloudiness was determined from IDDI masking and nondusty cases were associated with measured visibility over 10 km. Because of this strict selection, 71% of cases have been removed from the initial data set of 360.
The selected data have been classified into four categories according to the range of visibility, and the means and medians (very similar) are reported in Figure 14 for every class. The fitted curve describes the empirical relation between visibility V and IDDI. Table 6 shows the values of IDDI derived from Figure 14 In Figure 15 the relation between aerosol optical depth and IDDI derived from the previous approach is plotted, including variability bars corresponding to the aerosol optical depth intervals reported in Table 6 . The simulated results found in Table 3 Table 4 , resulting from the experiments of Niamey, Dakar, and Gao are reported in Figure 15 . This synthetic drawing shows the general consistency resulting from the use of visibility, between the IDDI sensitivity and the satellite sensitivity to dust assessed from prior simulations and experiments relevant to the infrared method. The IDDI-visibility relation shown in Figure 14 , established for the region of Niamey during November, must not be considered a priori representative for the whole region of concern (displayed in Figure 13) The correspondence between visibility and aerosol optical depth 6, is derived from N'tchayi et al. [1994] .
tions met according to the station, and the astronomical, meteorological, and biospheric seasonal changes. The vertical bars are delimited with the values of the 25th and 75th percentiles. They result from the errors on IDDI (algorithm, water vapor effect), the shortcomings of visibility data, and the objective differences between these parameters (visibility is a SW parameter related with the dust concentration near the ground; IDDI is a LW parameter related with the vertical structure of the dust layer).
Satellite Observation of Dust Over Continent and Ocean
Over the ocean, the presence of aerosols increases the upward SW radiance by scattering the downward propagating SW radia- products, derived from IR and VIS images of the same satellite, is straightforward. On the other hand, it is necessary to fit the color codes used with each product, to obtain the best visual agreement, or in other words, to get the best continuity of the structures across the coast. As shown in the legend of Plate 2, the IDDI and the aerosol optical depth are observed to match satisfactorily using a proportional law with a ratio of IDDI to optical depth of 24 counts (i.e., 6s = 1 corresponds to IDDI = 24 counts, at the top of the range of sentivity to dust ]• derived from simulation). However, this agreement is approximate (e.g., the image of March 28 exhibits discrepancies along the Mauritanian and Guinean coasts).
Conclusions and Recommendations
The so-called infrared method applied to the IR-channel data of Meteosat is proven to be relevant for estimating, over land and during the middle of the day, the amount of dust originating from sources lying in the arid areas monitored by the satellite. The satellite IR signal relates to the aerosol SW optical depth, and this relation is characterized by a strong quasi-linear satellite response and hence by a large satellite sensitivity to dust. Because of its physical dependence on dust size distribution and on the radiative characteristics of the underlying surface, the sensitivity to dust can vary between 10 and 25 counts in a Sahelian environment. The effect of water vapor, if uncorrected, is a source of error limiting the regions where the method can be reliably applied, to the Sahara and the Sahel north of ITCZ. However, these regions where dust is generated and transported away from the sources, (Table 3) are plotted as a function of aerosol optical depth for Niamey in November (dotted lines); the slight nonlinearity shown by simulation is included. The curves from photometric measurements at Niamey, Gao, and Dakar are plotted (from Table 4 are those of greatest interest for a number of applications. Care should also be taken to the "edge effect" of oceanic air masses advected inland along the coast. All these results were established using simulations as well as experimental data, two radically different approaches resulting in consistent relationships and conclusions.
The IDDI is derived from the infrared method. It is a dust product processed using Meteosat-IR imagery, designed for climatolological applications (i.e., with averaging and statistical computations on a sufficiently large number of images). The reliability of the IDDI for dust remote sensing is shown using visibility data on a statistical basis; the values of IDDI sensitivity to dust agree with the satellite sensitivity to dust derived from the previous simulations and experiments dedicated to the infrared method. The error due to aerosol residue will spread to climatological products in the form of a bias (but the error derived from the case study of Gao must correspond to a maximum). What is more, it cannot be eliminated easily. A way to reduce this error would be to lengthen the reference period, which requires a reliable correction of the seasonal variations of the reference (in addition this would reduce the error of reference shift).
The easiest applications which can be realized using the IDDI concern the sources of dust emission, their identification, the description of their seasonal activity, of their year-to-year change and long-term evolution (to be addressed in the second part of this paper). The published results (reported in section 1) using IDDI statistically for validation of the physics of dust emission and for the retrieval of the source wind speed threshold fall into this category. In this case, satellite response is especially large, because of the high dust amounts emitted by the sources and of the particular efficiency in arid environment of the physical processes involved (section 2.1). In addition, several possible factors of contamination of the satellite response such as water vapor effect, high frequency of cloud occurrence, and seasonal change of the state of the surface (through vegetation) affecting the Sahel are absent in the source areas.
Dust is a major component of the climate over large regions of the planet, Africa north of the equator probably being the most dramatic example. The IDDI makes possible the incorporation of this component into climate studies as a whole, in order to analyze its interactions with precipitation, wind, cloudiness and atmospheric temperature, as well as its possible relationships with the atmospheric circulation. Again, the IDDI is suitable for statistical studies of this type, provided the results for regions and periods with large cloudiness and atmospheric humidity can be avoided or are considered with caution.
Pending the development of more sophisticated algorithms, the use of the IDDI for case studies of dust emission and transport is quite possible but requires more care with regard to the possible large errors associated to RI making. These difficulties can, however, be overcome (1) by multiplying the studied cases and (2) by using intense dust events (minor events can be significantly enhanced or deleted due to the errors involved in the IDDI processing technique). Quality control of the product is possible, considering the frequency of cloud masking, the rate of change of the reference level, and when available, extraneous data such as photometric optical depth.
